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Abstract— This paper describes the heating properties 
of an improved resonant cavity applicator applied to a 
thermal therapy system for treating osteoarthritis (OA) in 
the knee. 


OA is one of the most common joint diseases in not only 
elderly people but also young athletes. OA restricts 
movement in patients’ daily lives and causes stiff and 
painful joints. In order to fight the progression of the 
disease, a microwave diathermy system is commonly used 
in clinics. For effective thermal therapy of OA, the deep 
tissue of the knee joint should be heated to 36-38°C. 
However, from my previous research, it was found that the 
microwave diathermy system's penetration depth was 
only 20mm. 
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To establish a more effective thermal therapy method, a 
smaller resonant cavity applicator which allows the Fig. 1. Effective heating region of knee OA. 
patient's leg to be set in a bent position was proposed. With 
the previous version of my resonant cavity applicator, OA 
patients had to keep their leg in a straight position. With 
this new applicator, allowing OA patients to keep their leg 
bent during the thermotherapy improves their comfort. 
Two cylindrical metal shields are used to focus the heating 
energy on the diseased joint, and the human knee is non- 
invasively heated. In this paper, I first presented the For effective thermal therapy of OA, the deep tissue of the 
estimated SAR distributions using a cylindrical agar knee joint, which is shown in Fig. 1, should be heated to 36- 
phantom. Second, the calculated results of the human knee 38°C. In clinics, several kinds of microwave diathermy 
model reconstructed from 2D CT images were discussed. systems are currently used [2]-[5]. However, as the 
Then, experimental results using an agar phantom that penetration depth of these heating systems is less than 
was shaped like a bent leg were shown. Finally, I evaluated approximately 20mm, they are only effective for superficial 
the effectiveness of this applicator from these results. It thermal therapy [6], [7]. To resolve this problem, I proposed a 
was found that the newly developed resonant cavity resonant cavity applicator for deep thermal therapy of OA [6]- 
applicator was of a practical size and was able to [9]. From my previous experimental results, it was found that 
effectively heat the deep tissue inside the knee joint with my basis of the applicator was effective for heating the deep 
the leg in a bent position. tissue region, however the developed applicator was too big, 


Index Terms—Thermal therapy, Knee osteoarthritis and it only allowed the leg to be set in a straight position [6]- 


(OA), Finite Element Method (FEM), Resonant cavity, [9]. Especially for knee OA patients, it was hard for them to 
SAR distribution. keep their leg in a straight position because of a painful 


degenerated joint bone [1]. For practical use in clinics, 
I. INTRODUCTION downsizing the applicator and modifying it to enable the knee 


a l to be set in a bent position was necessary. 
OA causes restriction of movement and impedes human 


activity [1], [2]. As the disease progresses, the inflamed 
synovium invades and damages the cartilage and the bone 


of the joint. Patients who have end-stage knee OA require an 
artificial knee replacement. For minimally invasive treatment 
and reduction of economic burden on patients it would be 
desirable to develop a conservative therapy system which can 
alleviate symptoms and prevent progression of OA [3], [4]. 


*This use of this work is restricted solely for academic purposes. The author of this work owns the copyright and no reproduction 
in any form is permitted without written permission by the author.* 
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Fig. 2. Heating system of the resonant cavity applicator. 
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(a) Cross sections of the applicator 
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(b) Perspective view of the applicator 


Fig. 3. Illustration of the proposed applicator 


Therefore, I proposed a new heating system as shown in 
Fig. 2. In this system, a more practical, smaller resonant cavity 
with two inner electrodes was used for heating the deep tissue 
in the human knee. For the patient's comfort, the cavity wall 
has two openings which assist in positioning the human leg in 
a bent position. 


To evaluate the effectiveness of the applicator, I calculated 
SAR distributions of a basic cylindrical agar phantom and a 
3D anatomical human knee Finite element method (FEM) 
model. Furthermore, I developed a prototype applicator for 
conducting heating experiments with several shapes of agar 
phantoms. 
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(a) Cylindrical phantom 
Fig. 4. Heated objects used for FEM calculation. 


(b) Anatomical human leg model 


II. CALCULATING METHODS FOR FEM 


Fig. 3 shows the dimensions of the applicator. The cavity 
is 300mm in diameter and 400mm in height. This applicator 
has two openings for inserting the leg in a bent position. To 
concentrate the heating energy on the deep tissue region of the 
knee, inner electrodes 50mm in diameter and 100mm in height 
are used. The human knee is inserted in between the inner 
electrodes in a bent position and is heated with 
electromagnetic field patterns inside the cavity [6], [7]. In 
order to protect the healthy tissue from electromagnetic 
energy, shields which are connected to the two openings on 
the cavity wall cover the thigh and the calf regions [6]-[9]. 
Both of the shields are 180mm in diameter and 80mm in 
length, and the pivots of the cylindrical shields are set at an 
110 degree angle. In electromagnetics, the resonant frequency 
and the quality factor Q of the each electromagnetic resonant 
mode inside of the cylindrical resonant cavity depends on the 
size of the cavity and the shape of the inserted object. In this 
study, my new resonant cavity applicator has two big openings 
and shields. Furthermore, the bent leg, which has an 
unsymmetrical shape, is inserted into the applicator. To 
evaluate this new resonant cavity applicator which is totally 
different from the previous version, it was necessary to 
examine the basic performance. 


First of all, in order to evaluate the basic properties of the 
improved applicator and to be able to compare experimental 
results, a cylindrical agar phantom was used [10]. The 
dimensions of the phantom are shown in Fig. 4(a). The 
phantom is 180mm in diameter and 130mm in height. In this 
calculation, the electrical parameter values of the phantom are 
the same as that of human muscle tissue [10], [11]. The 
calculation model for FEM with the cylindrical phantom is 
shown in Fig. 5(a). The total number of elements is 88,000. 
Next, I calculated the SAR distribution of an anatomical 
human knee model reconstructed from 2D medical images. 
The human knee is shown in Fig. 4(b). In this study, I used 
125 images taken from a CT scan. The anatomical knee model 
consists of muscle, the tibia, the femur, the patella and fat. The 
calculation model with the anatomical human knee is shown 
in Fig. 5(b). This model is surrounded by 1m3 cubic of air as 
the calculation area. The total number of elements is 912,115. 
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(a) Applicator with a cylindrical phantom. 


Number of elements: 912,115 
Number of nodes: 154,187 











Inner 
electrode 


Shields 


Perspective view Side view 
(b) Applicator with human leg model 


Fig. 5. Finite element models. 


Table I. Electromagnetic properties of tissue at 45OMHz. 

















Saas [S/m] peer ae Density [kg/m] 
Muscle | 0.8093 56.754 1000 
Bone 0.0302 5.643 1790 
Fat 0.0419 5.560 900 
Air 0.0 1.0 1.165 




















The SAR distribution inside a heating object can be 
calculated by equations (1)-(4): 


V2E+k2E=0 (1) 
k? = weu (2) 
1 2 
W, = 5 OIE! (3) 
1 
SAR = 5 Wn (4) 


where E is the electric field vector, œ the radial frequency, € 
the dielectric constant, u the magnetic permeability, W, the 
heating power generated inside a human body, a the electrical 
conductivity, and p the volume density of tissue. Equations (1) 
and (2) can be solved numerically by the FEM [11]-[15]. The 
electrical parameter values at 450MHz for each organ are 
listed in Table I [16]-[19]. 
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Fig. 6. Setup of the prototype applicator. 
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(a) Cylindrical agar phantom 


(b) Leg agar phantom 


Fig. 7. Agar phantoms. 


Table II. Experimental conditions. 











Phantom Resonant Heating Heatin g 
Frequency Power Time 
oe 390.39MHz 50W 10min 
phantom 
(2) | 18 agar 473.30 MHz | 50 W 10min 
phantom 























HI. EXPERIMENTAL METHODS 


To evaluate the developed system’s performance, I set up 
the prototype applicator as shown in Fig. 6, and performed 
experiments. The prototype cavity applicator is made of 
aluminum plate, and the dimensions are the same as the 
computer simulated one (shown in Fig. 3(a)). The heating 
energy was supplied from a high frequency amplifier through 
an impedance matching unit connected to a looped antenna set 
inside of the cavity applicator. 


In heating experiments, two types of agar phantoms were 
used: a cylindrical agar phantom and one shaped like a human 
leg shown in Fig. 7. To make this leg agar phantom shown in 
Fig. 7(b), I made a mold based on a 30-year-old male’s leg. 
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Fig. 8. SAR distribution of cylindrical phantom. 
(Resonant frequency: 404.6MHz) 
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The experimental heating conditions are listed in Table II. 
In this heating experiment, I set the heating power to 50W, 
heating time to 10 min, and used a TMo12-like mode in both 
experiments [11]-[14]. The heating power and the heating 
time are the same as clinical thermal therapy conditions [4], 
[20]. In order to reduce the effectiveness of heat conduction 
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(b) Enlarged view of the knee 
Fig. 9. SAR distribution of human leg model. 
(Resonant frequency: 461.0MHz) 


as much as possible for comparing estimated SAR values later, 


I set the heating time to 10min in the experiments. After 10 
minutes of heating, I took the thermal images of a sagittal 





Fig. 10. Thermal image of a cross section of the cylindrical phantom. 


(Resonant frequency: 390.39MHz) 
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Fig. 11. Thermal image of a sagittal plane of the leg agar phantom. 
(Resonant frequency: 473.30MHz) 


slice of the agar phantoms with an infrared thermal camera 
(Nippon Avionics Co., Ltd. InfRec GIOOEX, sensor 
resolution: 0.04°C at 30°C ) [21]. 


I. ESTIMATED RESULTS 


In my study, to evaluate the performance of the new cavity 
applicator, the normalized SAR is given by the following 
equation (5): 

Ge S nin ) 
e E (5) 
(Sax) 


max min ) 


where Sy is the normalized SAR, Smin 1s the minimum SAR, 
Smax 18S the maximum SAR and S is the variable SAR in the 
human body. 


Fig. 8 shows the estimated SAR distributions in the sagittal 
plane of the cylindrical agar phantom using the newly 
developed resonant cavity applicator. The resonant frequency 
was 404.6MHz. In Fig. 8, the electromagnetic energy is 
concentrated in the center of the agar phantom. From this 
calculated result, it is understood that the deep region of the 
agar phantom can be heated by concentrated electromagnetic 
energy without the agar phantom physically contacting the 
proposed resonant cavity applicator. 


Next, the 3D anatomical knee model was calculated with the 
applicator. The SAR distributions inside the knee are shown 
in Fig. 9. From Fig. 9(a), most of the electromagnetic energy 
inside the knee was concentrated between the tibia and the 
femur without heating healthy tissue such as the thigh or the 
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Fig. 12 Normalized values profile along the X axis of the cylindrical agar 
phantom. (comparing Normalized SAR with Normalized temperature.) 
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Fig. 13. Normalized SAR profiles along the Z axis of the knee model. 


calf regions. From this distribution, the shields were effective 
in protecting the unintended areas from the electromagnetic 
energy. The enlarged view of the sagittal plane and transverse 
plane of the knee are shown in Fig. 9(b). In these enlarged 
views, the deep tissue of the joint cavity, which is an effective 
region for thermal therapy of OA, can be heated by 
electromagnetic energy. 


II. EXPERIMENTAL RESULTS 


Fig.10 shows a thermal image of a cross section of the 
cylindrical agar phantom taken after 10 minutes of heating. 
The temperature of the thermal images was shown in the color 
bar. In this experiment, the resonant frequency was 
390.39MHz. The initial temperature of the agar phantom was 
19.7°C. From Fig.10, the thermal image shows that the center 
of the agar phantom was heated to a maximum temperature of 
25.1°C, and the temperature increased 5.4°C without physical 
contact. 


The experimental result of the leg agar phantom is shown in 
Fig. 11. In this experiment, the leg agar phantom’s knee 
position was set to the exact midpoint between the electrodes. 
The resonant frequency was 473.30MHz. The initial 
temperature of the leg agar phantom was 12.5°C. 
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Fig. 14 Temperature increase profile along the Z axis of the leg agar 
phantom. 


From this thermal image, the targeted knee region was heated 
to a maximum temperature of 17.1°C. The temperature 
increased 4.6°C and the calf region's temperature increased 
2.7°C. From this experimental result, it was found that I can 
successfully heat a targeted region of an irregularly-shaped 
object like a bent knee without unintended physical contact by 
using the developed applicator. 


III. DISCUSSIONS 


In order to evaluate the basic performance of new 
electromagnetic applicator, it was necessary to examine a 
SAR distribution. And from my previous study, I found that 
the effectiveness of heat conduction inside of the human body 
was less than 5mm from a hot spot after 10min of heating in 
same experimental condition, because of the low thermal 
conductivities of human tissues [6], [7]. According to this 
results, I compared and examined the calculated result and the 
experimental result of heating the cylindrical agar phantom in 
this paper. The normalized SAR and the normalized 
temperature profiles along the X axis through the center of the 
phantom are compared in Fig.12. In this profile, both of the 
maximum normalized values can be measured at 90mm, 
which is the center of the agar phantom. It was consistent with 
the normalized temperature profiles with an error margin of 


5% or less. I confirmed that my calculation method of SAR 


distributions inside of the human knee with FEM is highly 
accurate even compared to the temperature distribution after 
10min of heating. 


Next, to evaluate the performance of the proposed new 
cavity applicator for a human knee, the normalized SAR 
profile along the Z axis calculated from Fig. 9 is shown in Fig. 
13. In this profile, the normalized SAR value was most 
concentrated at the center of the knee region. It was also 
shown that the maximum SAR can be measured at the center 
of the knee joint. In the patella region, there is a low SAR 
value because of the high density of the patella (bone) tissue. 
Furthermore, because of the bone tissue’s low electric 
conductivity, the heating power inside of the patella region is 
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lower than that of the muscle tissue. From these estimated 
results, it was found that the improved practical-size resonant 
cavity applicator is able to be used for treatment of 
osteoarthritis, and it is possible to heat a human knee in a bent 
position. 


Finally, Fig. 14 shows the temperature increase profile 
along the Z axis of the cross section of the leg agar phantom. 
This profile was measured from the thermal image shown in 
Fig. 11. Here, the initial temperature of a human knee is 
approximately 33°C and the temperature of effective thermal 
therapy is 36-38°C [3], [4], [20]. A temperature increase of 3- 
5°C is needed for effective thermal therapy. The heating 
region length (HRL) over the temperature increase of 3°C is 
approximately 50.7mm. And the maximum heating depth was 
30.1mm. From my previous study, the HRL of microwave 
diathermy systems currently used in clinics was 20.2mm [6]- 
[9]. From this experimental result, it was found that the 
developed heating system can be effective in heating a deeper 
and wider region of the human knee than current devices. 


IV. CONCLUSIONS 


I proposed a smaller resonant cavity applicator which 
allows the patient's leg to be set in a bent position for more 
effective thermal therapy of OA. In order to show the validity 
of the proposed method, estimated SAR distributions were 
calculated using FEM with a cylindrical agar phantom and an 
anatomical human knee model. Furthermore, I developed a 
prototype applicator for heating experiments with agar 
phantoms. 


From the estimated results, it was confirmed that the 
proposed new applicator is able to effectively heat the joint 
cavity for thermal therapy of OA. And from my experimental 
results, it was found that the developed applicator can heat the 
deep region of the knee without unintended physical contact. 


From these results, it was found that the newly developed 
resonant cavity applicator is of a practical size and can be 
useful for treatment of osteoarthritis inside the knee joint with 
the leg in a bent position. 


Now, I’m trying to experiment with an animal knee to 
confirm the possibility of clinical treatments. 
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